The nAChR is the prototypical ligand-gated ion channel (Karlin and Akabas, 1995; Edelstein and Changeux, 1998). It is composed of five homologous subunits (␣ 2 ␤␥␦ in the embryonic muscle form) arranged in a pentagonal array ( Figure 1A) Figures 1B and 1C) . We now report the first examples type. These results support a model for gating that of this approach using an in vivo translation system (the includes significant changes of backbone conformaXenopus oocyte) and the first applications to an ion tion within the M2 domain. channel, the nAChR. We find that nAChR channels with backbone esters express well in Xenopus oocytes and produce channels with several hallmarks of normal Introduction function. The amide-to-ester change constitutes a subtle muta-A major challenge in ion channel biology is to describe tion. The size, shape, and chemical nature of the side the dynamic processes associated with gating, for inchain are maintained. This minimizes the ambiguities stance the conformational change that couples ligand that necessarily accompany conventional mutagenesis binding to channel opening. A range of studies, most experiments. The most important structural difference based on mutagenesis and/or affinity labeling, have introduced by the amide-to-ester change concerns inidentified key residues that define the agonist-binding trastrand backbone hydrogen bonding (i.e., secondary site and the ion channel. The first ion channel crystal structure), although implications for tertiary and quaterstructure has appeared (Doyle et al., 1998), and one nary structure cannot be ruled out. With the exception can anticipate others. However, these innately static of proline, amino acids can participate as both hydrogen methods call for additional classes of data to reveal the bond donors and acceptors-a critical aspect in both dynamic features of ion channel gating.
throughout the ligand-gated ion channel family? This question has resisted analysis by conventional mutagenesis because only proline itself among natural residues tested produces channels that respond to ACh in the normal range (data on this point are presented in this paper). Furthermore, Gly, Thr, and Phe fail to produce functional responses at the homologous position of the neuronal ␣7 nAChR (H. Dang and J. M. Patrick, personal communication). The unusual hydrogen bonding properties of proline may account for these results; proline can act only as a hydrogen bond acceptor and not as a donor ( Figure 1C ). For this reason, Pro residues often have profound influences on static and dynamic aspects of local conformational structure. The hydrogen-bonding pattern of the Xaa-Pro peptide bond is similar to that for an ester, making the ␣Pro221 position an appropriate location for ester incorporation. We find that, indeed, the ester backbone produces functional receptors at position ␣221.
Second, do the M2 domains undergo secondary structural changes during gating? There are two contrasting suggestions. Based on 9 Å structural studies, Unwin suggested that the M2 domains are kinked ␣ helices that reorient as units upon agonist binding, presumably with little or no change in the intrastrand backbone hydrogen bonds (1995). This view suggests that amideto-ester backbone mutations in the M2 domains would have minimal effects on channel function. Based on substituted cysteine accessibility mutagenesis (SCAM), Karlin and colleagues suggested that the ␣M2 domains undergo significant changes in secondary structure, from nonhelical to ␣-helical, during gating (Karlin and Akabas, 1995; Wilson and Karlin, 1998 ). This view predicts larger functional effects of amide-to-ester mutations. We find that such mutations do produce measurable changes in EC 50 throughout the ␣M2 domains, especially in the region near the extracellular surface of the M2 domains. This is generally more consistent with a showed that the resulting acetylcholine receptors with esters in the backbone expressed well in oocytes: AChinduced currents were several A in amplitude, compaand an amide differ in the local dipole moment of the group; that of the amide is significantly larger (Lide, rable to or frequently greater than currents produced in our previous studies with unnatural side chains. The 1990).
Using the amide-to-ester mutation, we sought to adnonsense suppression technique is potentially subject to artifacts caused by readthrough of the nonsense dress two specific questions regarding the gating of the nAChR. First, what is the role of the M1 proline at posi-(stop) codon or by editing/reacylation of the tRNA with a natural residue, leading to incorporation of this residue tion ␣Pro221, a residue that is absolutely conserved NR, no response at ACh concentrations up to 500 M. tRNA acylated with Lah. Membranes were isolated and, in lanes marked with (ϩ), also exposed to base. Membranes were then analyzed by gel electrophoresis followed by immunoblotting for the ␣Pro221 position (Table 1) To test our hypothesis that the unique hydrogen-bondan ␣ subunit that included a hemagglutinin epitope in ing properties associated with proline are required for the intracellular loop between the third and fourth transgating, we replaced the peptide backbone at ␣Pro221 membrane domains, a modification that does not meawith the ester by incorporating Lah. As discussed above, surably alter the dose-response relations of the recepthe ester backbone was expected to be a good mimic tors. Membranes were stripped manually from oocytes of the Xaa-Pro peptide backbone. Indeed, the Pro-toexpressing nAChR with the usual peptide backbone or ester mutation produced functional receptors with from oocytes expressing receptors with targeted ester macroscopic properties similar to those of wild-type mutations at either of two sites in the ␣ subunit. A solureceptors ( Figure 3B ). Dose-response analysis of the tion of high pH was expected to induce hydrolysis of ␣Pro221Lah receptors revealed an EC 50 of 88 M and the ester backbone but not the peptide backbone. After a Hill coefficient of 1.48, compared with wild-type values this treatment, gel electrophoresis followed by immuof 47 M and 1.65. As summarized in Table 1 , this proline noblotting with the hemagglutinin antibody revealed could also be replaced with the Vah and Aah residues, that, in both cases, the full-length ester band was elimiproducing functional ester backbone receptors with nated and replaced by a peptide fragment with the ex-EC 50 values of 19 M and 193 M, respectively. We also pected molecular weight, showing that the nonsense found that receptors with pipecolic acid, an unnatural suppression procedure resulted in nAChR ␣ subunits amino acid that is structurally homologous to Pro (Figure with an ester backbone.
1B), were functional (EC 50 of 66 M).
Single-channel recordings of the ester-containing receptors were also similar to those of wild-type receptors.
An Ester at Residue 221 Allows Gating
The ␣Pro221Leu mutant (␣ 2 Pro221Leu, ␤, ␥, ␦) did not
We recorded single-channel activities from oocytes expressing the ␣Pro221Lah receptor in response to conproduce detectable ACh-induced currents at concentrations as high as 500 M (Table 1) . We also found that centrations of ACh between 1 and 1000 M. Examples of single-channel openings are shown in Figure 4A . The Ala or Gly failed to produce functional responses at the Figure 5A ). At two other positions (2Ј and 18Ј), the hycorresponding mutation in the ␤, ␥, or ␦ subunits. This droxy acid gave functional receptors but the amino acid reasoning also suggests that the (␣Pro221Leu) 2 receptor did not, vitiating the two-step method at these positions. has an EC 50 ‫-63ف‬fold larger than the wild-type value, or Several measures of receptor function are presented ‫0081ف‬ M, consistent with the lack of response in our in Figure 5 . We observed EC 50 shifts ranging from ‫-2ف‬ experiments.
to ‫-22ف‬fold produced by ester substitution throughout M2 ( Figure 5A ). At three positions (13Ј, 16Ј, and 19Ј), the Some M2 Domain Backbone Esters Produce ester mutation provides channels Ͼ10ϫ more sensitive Increased Sensitivity to agonist. Notably, these largest EC 50 shifts occur in a We next turned our attention to the M2 domains, thought periodic pattern, and there are no sensitivity changes to line most of the conduction pore and also to play a greater than 2.5-fold for positions between 3Ј and 10Ј. prominent role in receptor gating. It was expected that
The Hill coefficient is also influenced by the conformasites involved in backbone hydrogen bond changes durtional changes that accompany gating (Edelstein and ing gating would display changes in EC 50 and other Changeux, 1998). This parameter lies between one and dose-response parameters for the amide-to-ester mutwo for all the M2 mutants we studied (
Figure 5B We also note differences between the pattern of sensitivity in our studies and conventional mutagenesis studmotion couples directly to the other subunits through contacts in the extracellular domains. However, our data ies. For example, mutations at position 9Ј produce dramatic changes in EC 50 in conventional mutagenesis suggest that the signal from the agonist-binding site to the channel gate is confined to the ␣ subunit at least ( 
